Abstract-New high-data-rate multimedia services and applications are evolving continuously and exponentially increasing the demand for wireless capacity of fifth-generation (5G) and beyond. The existing radio frequency (RF) communication spectrum is insufficient to meet the demands of future high-data-rate 5G services. Optical wireless communication (OWC), which uses an ultra-wide range of unregulated spectrum, has emerged as a promising solution to overcome the RF spectrum crisis. It has attracted growing research interest worldwide in the last decade for indoor and outdoor applications. OWC offloads huge data traffic applications from RF networks. A 100 Gbps data rate has already been demonstrated through OWC. It offers services indoors as well as outdoors, and communication distances range from several nm to more than 10,000 km. This paper provides a technology overview and a review on optical wireless technologies such as visible light communication, light fidelity, optical camera communication, free space optical communication, and light detection and ranging. We survey the key technologies for understanding OWC and present state-of-the-art criteria in aspects such as classification, spectrum use, architecture, and applications. The key contribution of this paper is to clarify the differences among different promising optical wireless technologies and between these technologies and their corresponding similar existing RF technologies.
I. INTRODUCTION
Fifth-generation (5G) communication is the next step in mobile telecommunication standards. It will offer new services with ultra-high system capacity, massive device connectivity, ultra-low latency, ultra-high security, ultra-low energy consumption, and extremely high quality of experience [1] - [6] . It is expected that 5G communication will comprise ultra-dense heterogeneous networks for which mobile data volume per area will be 1000 times and the number of connected wireless devices will be 100 times higher compared to those in existing wireless networks [1] . Therefore, upcoming networks must have the capability to support high user data rates, low power consumption, and negligible end-to-end delays [1] - [6] . High-capacity backhaul connectivity is essential for 5G and beyond communications in order to support hyper-dense ultra-fast access networks [3] . Furthermore, with the development of the Internet of Things (IoT) concept, the rate at which physical devices are connected to the internet is increasing exponentially [7] - [11] . Currently, radio frequency (RF) is widely used across various wireless applications. However, in relation to meeting the growing demand for 5G wireless capacity and serving the IoT paradigm, the currently used RF spectrum is insufficient. The electromagnetic spectrum, with favorable communication properties below 10 GHz, is widely used by existing wireless technologies and has almost been exhausted; therefore, it is predicted that the massive connectivity demand of future mobile data traffic will not be met by existing wireless technologies [12] . Moreover, this band (below 10 GHz) has limitations such as a small spectrum band, regulations related to spectrum use, and severe interference among nearby RF access points. Therefore, researchers are looking for new complementary spectra, such as millimeter and nanometer waves, for wireless communication connectivity [13] . At the World Radio Conference 2015 (WRC-15), the International Telecommunication Union (ITU) proposed 11 new candidate bands for International Mobile Telecommunication-2020 (IMT-2020), i.e., 5G communication [11] . potential for integration of FSO and VLC technologies as a single field of study. It provides the key challenges involved in designing technologies jointly performing the lighting and networking functions. In [46] , the authors provide a survey on VLC with an emphasis on challenges faced in indoor applications. It discusses the modulation schemes, dimming techniques, filtering, equalization, compensation, and beamforming for indoor VLC. The authors of [47] review the key enabling access technologies and progress advancements of optical broadband network and wireless access technologies. The book chapters of [48] , mainly discuss modulation concepts, MIMO technique, channel modeling, and capacity analysis for OWC.
E. Contribution of This Paper
In this survey, we present a general overview and comparison of emerging OWC technologies. The main focus of this paper is to make clear the differences among different optical wireless technologies and between promising optical wireless technologies and their respective similar existing RF technologies. Here we discuss OWC systems from various viewpoints, e.g., the types of optical sub-bands used (IR/VL/UV); the types of technology applied (LiFi/VLC/OCC/FSO/LiDAR); the application scenarios (range of communication distance, data rate/accuracy/reliability, LOS/NLOS, indoor/outdoor, and underwater/vehicular/space); the types of transmitter/receiver (LED/LD and PD/camera); the network architecture; the principle of operation; and the types of application (illumination/localization/communication/high-speed link/ imaging/mapping), to highlight the differences among the technologies.
The rest of the paper is organized as follows. Section II provides an overview of OWC systems; the classification of OWC based on technology, communication distance, and communication media are presented in this section. Different OWC technologies, their applications, and principles of operation are presented in Section III. Section IV summarizes the review and discusses the future direction of research issues. The survey is concluded in Section V. For ease of reference, the various abbreviations used in this paper are summarized in Table I . 
II. OVERVIEW
The electromagnetic spectrum consists wide range of various frequency bands. Currently only few bands are used for communication purposes. Wide range of electromagnetic spectrum opened the opportunity to extend the use of frequency band for communication purposes. Table II shows the detail classification of electromagnetic spectrum. A huge portion of the electromagnetic spectrum i.e., optical spectrum is available for OWC systems. Therefore, OWC systems are likely a promising solution for the future heterogeneous network as a complementary option to RF. Several researchers have already demonstrated high data rates by using OWC [12] , [49] - [51] . Each of the optical bands IR, VL, and UV has unique advantages and limitations. Based on these optical bands, various wireless technologies are being developed. The wavelengths of NIR and VL are nearly close and they exhibit qualitatively similar behavior from the viewpoint of communication [52] . However, IR is invisible to humans and can be used for applications where illumination is not needed. UV can provide high-data-rate LOS communication over short and long distances, and NLOS communications over medium and long distances [23] . The most important advantage of OWC is the wide availability of incoherent front-end components that allow for relatively straightforward realization of intensity modulation and direct detection (IM/DD) [12] . Because of this IM/DD approach, OWC is based on baseband modulation techniques for which a large variety of off-the-shelf high-bandwidth components are available already. A few important advantages of wireless communication by using optical spectrum over the other spectrum regions include [12] , [21] (i) huge unregulated bandwidth; (ii) high level of security (because light signals cannot pass through walls and can therefore be confined within a well-defined coverage zone); (iii) low power consumption; (iv) low cost; (v) no interference with electronic equipment and other communication networks; (vi) very high achievable SNR; and (vii) easy integration into the existing lighting arrangement. On the other hand, OWC systems have few limitations such as (i) obstacles block transmission channel; (ii) sensitive to sudden blocking a connection; and (iii) limited transmitted power.
A. OWC Classification
Based on the communication distance, OWC systems can be classified into five categories, namely, ultra-short range, short range, medium range, long range, and ultra-long range [37] , [52] - [63] .
 Ultra-short range OWC: In this category of OWC, nm/mm-level communications are performed. An example of this type of communication is nm distance chip-to-chip communication [53] - [56] .  Short range OWC: Wireless body area network (WBAN), wireless personal area network (WPAN), and underwater communications are few examples of this category [57] , [58] , [63] .  Medium range OWC: This communication range comprises VLC-based WLANs and outdoor V2X communications [52] , [59] , [60] .  Long range OWC: This communication range provides km-range of communication, for example, inter-building connections [37] .  Ultra-long range OWC: This communication range comprises inter-satellite, satellite-earth, satellite-to-airplane, airplane-to-satellite, airplane-toairplane, and airplane-to-ground links [61] , [62] . [14] , [15] , [22] , [23] , [26] , [29] , [37] , [64] , [65] Fig. 3 shows the applications for OWC systems for different ranges of communication. It shows that a wide range of communications is possible using OWC, i.e., from ultra-short range inter-chip up to ultra-long range inter-satellite communications.
B. Infrared vs VL vs Ultraviolet for OWC
Based on the transmission spectrum, OWC can be studied in three categories, namely, infrared, VL, and ultraviolet. The VL spectrum is widely used in VLC, LiFi, and OCC 
C. NLOS Communications
OWC is widely used for LOS communications. However, NLOS communication is also possible using OWC technologies. High-data-rate NLOS communication can be achieved using UV spectrum. Fig. 4 shows NLOS communications using IR, VL, and UV. Fig. 4(a) shows a low-data-rate NLOS communication system achieved using the reflection of IR and VL. A high-data-rate NLOS communication system is shown in Fig. 4 (b) . To perform NLOS UV communication, an omnidirectional transmitter is directed at an elevation, while the receiver is required to intersect the transmitted beam. The transmitter comprises a xenon flashtube inside a searchlight dish. By design, the front-end receiver of such a system must have high gain and low noise, and it is built using a photo-multiplier tube and a counter [66] . The atmospheric gases ozone and oxygen are strong absorbers of light in the UV spectral region [67] . A filter in front of the phototube generates a pulse when it detects an incident photon of operation. The knowledge of the transmitted and received beam positions is important to achieve higher data rate, reduced latency, and reduced transmitted power.
D. LED vs LD for OWC
LEDs and LDs offer unique advantages and limitations from the viewpoint of their use in OWC systems. The advantages and limitations of OWC systems based on LEDs and LDs are briefly listed below:
Advantages of LEDs in OWC:
Owing to recent advancements in solid-state lighting, there has been a trend in the last decade to replace incandescent and fluorescent lamps with high-intensity solid-state white LEDs. LEDs have benefits such as extremely high energy efficiency, longer lifespan, compact form factor, lower heat generation, reduced usage of harmful materials in design, and improved color interpreting without using harmful chemicals [26] . Because of these benefits, LED adoption has been rising consistently, and it is expected that nearly 75% of all illumination will be provided by LEDs by the year 2030 [68] . One additional important benefit of LEDs is that they are capable of switching to different light intensities very rapidly. This special functionality of high switching rate creates the opportunity to use LEDs as OWC transmitters for high-speed communication and highly efficient lighting source simultaneously. Therefore, LEDs can serve the dual purposes providing of highly efficient illumination and very-high-speed communication.
Limitation of LEDs in OWC:
All light produced by an LED is incoherent in nature. Therefore, all the waves are not in phase and the transmitted optical power produced by an LED is comparatively very low. Also natural and artificial light sources cause interference for an LED source light.
Advantages of LDs:
Lasers are monochromatic. Therefore, all light produced using a laser is of a single, specific wavelength. Coherent lights mean all individual light waves are precisely lined up with each other, all waves travel in the same direction, in the same manner, and at the same time [69] . Laser lights are concentrated and directed forward because of coherent characteristics. Therefore, laser light can travel long distances. Moreover, given this nature, LDs cause less interference and provide a high-data-rate compared to LED lights.
Disadvantages of LDs:
LD has low aperture. Only point-to-point communication is possible using LD.
The idea of using LD-based FSO communication has been well known for many years. High-data-rate communication has already been demonstrated for mobile access using IR LDs [70] . Nevertheless, LDs are not popular due to possible health threats (e.g., eye injury, hyperthermia, coagulation, and ablation due to thermal effects of laser radiation [71] , [72]), cost, color mixing complication, and the questionable quality of laser light for illumination purposes [33] . A recent study shows that diffused laser light does not compromise the user experience compared with conventional light luminaires [73] .
III. ENABLING TECHNOLOGIES
Each of the optical technologies (VLC, OCC, LiFi, FSO, and LiDAR) has a unique architecture and principle of operation. They may also differ in terms of modulation technique, transmitting system, receiving system, and communication media. 
A. Visible Light Communication (VLC)
VLC, a subset of OWC, has emerged as a promising technology in the past decade. VLC based on LEDs or LDs can be a promising solution for upcoming high-density and high-capacity 5G wireless networks. IoT is becoming increasingly important because it allows a large number of devices to be connected for sensing, monitoring, and resource sharing, and VLC could play an important role to this end [74] . VLC technology offers 10,000 times more bandwidth capacity than RF-based technologies [75] . VLC based on the VL spectrum provides significant opportunities for application in homes, offices, cars, airplanes, trains, and roadside [21] . Moreover, it is not harmful to humans. However, this technology suffers from a few limitations: (i) it is not very effective for outdoor applications; and (ii) it cannot perform long-distance communication.
LEDs can switch to different light intensity levels at a very fast rate, which allows data to be modulated through LED at a speed that the human eye cannot detect [65] , [76] , [77] . Therefore, these energy-efficient LED devices can be used for illumination, communication, and localization [78] , a unique feature not available in other devices. Potential VLC data rates of over 10 Gbps have already been demonstrated using LEDs [12] . A data rate of 3 Gbps has been achieved using a single color LED [51] . The main disadvantage of LEDs is their inherent tradeoff between bandwidth and optical efficiency. Therefore, LDs can be considered as a promising alternative for better utilization of the VL spectrum for communication purposes. A data rate of 100 Gbps is achievable at standard indoor illumination levels using LD-based VLC [12] . VLC has many indoor and outdoor applications, a few of which are as follows [26] - [28] , [79] : A basic architecture for user equipment (UE)-to-core network (CN) connectivity in VLC system is shown in Fig. 6 . LED lamps or LDs are used as transmitters. Cameras or ISs or PDs are used as receivers. Then, VLC access networks are connected to the Internet, any server, or CN through wired or wireless backhaul connectivity. The backhaul network connectivity can be either internet service provider (ISP) or cable TV or FSO or optical fiber or cellular or even satellite. In indoor environments, it is normally a wired connection. However, in outdoor cases, especially in vehicular environments, wireless backhaul connectivity is used. LiFi and OCC also use similar connectivity. The only differences are the physical transmitter, receiver, and transmission media.
B. Light Fidelity (LiFi)
LiFi can be classified as a nm-wave communication [29] . The main differences between LiFi and VLC are (i) VLC uses only the VL portion of the light spectrum, whereas LiFi uses VL in the forward path but it is possible to use either IR, VL, or UV in the return path [29] - [31] , [80] - [82] ; (ii) VLC systems can be either unidirectional [83] or bidirectional [84] , whereas LiFi is a bidirectional communication system [31] ; (iii) LiFi must provide seamless user mobility, whereas mobility support is not mandatory for VLC [31] ; and (iv) VLC systems include any of point-to-point, point-to-multipoint, and multipoint-to-point communications, whereas LiFi systems must include multiuser communications, i.e., point-to-multipoint and multipoint-to-point communications. Hence, LiFi is a complete wireless networking system and supports seamless user mobility; therefore, it forms a new small attocell layer within existing heterogeneous wireless networks. As such, a VLC system will be treated as LiFi only if it has LiFi features (e.g., multiuser communication, point-to-multipoint and multipoint-to-point communications, and seamless user mobility). On the other hand, a LiFi system can be treated as VLC only when VL is used as the transmission media.
The term LiFi is similar to WiFi, with the exception that optical spectrum rather than RF spectrum is used for transmission. Existing LEDs can be used as the transmitter for LiFi cellular deployment [29] . Moreover, LDs combined with optical diffuser can also be used as LiFi transmitters. Speeds of over 3 Gbps from just a single microLED have been demonstrated [33] , and a speed of 56 Gbps was achieved using a vertical-cavity surface-emitting laser (VCSEL) [30] . The LiFi attocells concept can reduce cell size compared to mm-wave communication [85] . Large amounts of data can be offloaded to LiFi attocells from congested RF-based networks. The lower-tier LiFi attocells within existing multi-tier heterogeneous wireless networks have zero interference from and add zero interference to RF-based networks such as femtocell networks [29] . Fig. 7 shows selected application scenarios (both indoor and outdoor) of VLC/LiFi technologies. The application scenarios of VLC and LiFi are similar. In the indoor environment, communication and illumination are performed simultaneously. For certain cases in the outdoor environment, both communication and illumination are performed (e.g., in street lamps and vehicle headlamps), whereas in other cases, only communication is performed (e.g., in traffic signals and the rear lamps of vehicle). The examples shown in Fig. 7(a) apply to VLC as well as LiFi communication, depending on the supported communication media for uplink and the provided features. In Fig. 7(b) , street light-smartphone communication is an example including both VLC and LiFi systems. On the other hand, infrastructure-to-vehicle, vehicle-to-infrastructure, and vehicle-to-vehicle are examples of VLC.
The potential advantages of LiFi over WiFi include very fast data rate, lower cost, readily available spectrum capacity, and better security. The security features of LiFi make it promising for use in electromagnetic-sensitive areas such as hospitals, nuclear plants, and aircraft cabins. However, LiFi technology is not very effective for outdoor applications and also it cannot offer long-range communications. A few important differences between LiFi and WiFi are listed in Table IV . 
C. Optical Camera Communication (OCC)
Currently, we are highly accustomed to the presence of smart devices in our daily life. The majority of these devices are equipped with front and/or rear cameras with LED flashes. This facilitates OWC implementation using devices that use a flash and a camera as the transceiver pair. This implementation does not require any further hardware modification. Therefore, there is growing interest in OWC implementation using LEDs, displays, or other light sources as the transmitter and a camera (or IS) as the receiving module. The main differences between OCC and VLC are (i) the VLC system must use VL as a communication medium, whereas the OCC system can use both IR and VL; (ii) the VLC system can use both LEDs and LDs as physical transmitters, whereas the OCC system can use only LEDs; and (iii) a PD or camera (or IS) can be used as the receiver in VLC, whereas a camera (or IS) is used as the receiver in OCC. Therefore, a VLC system can be treated as an OCC system when it uses LEDs and a camera (or IS) as its transmitter and receiver, respectively. In addition, an OCC system can be considered a VLC when it uses VL as the communication medium.
Although considerable research effort has been focused on the development of indoor VLC systems, there remains a need for research on outdoor VLC systems. There are many challenges [21] , [87] - [91] associated with LED/PD-based VLC/LiFi systems, including (i) short communication distance; (ii) drastic attenuation of received signal strength; (iii) interference due to artificial and natural light sources; (iv) noise due to ambient light radiation from the sun, skylights, streetlights, and other sources in outdoor environments; (iv) the large amount of noise from background lights; and (v) difficulties in detection of LEDs by PDs, especially under direct sunlight. Furthermore, with increasing transmission distance, small-area PDs yield reduced optical receiving power, thus limiting the transmission range. These limitations can be easily overcome using a camera/IS as the receiver. To increase the level of received optical power, a concentrator is usually employed in front of a PD [21] . Although a VLC system employing a concentrator with small-area PD can provide a data rate of the order of several Gbps, the limitations that cannot be overcome are shorter range, difficult in separating each of the multiple optical signals, and lack of mobility. Therefore, currently, these factors limit the practical application of VLC, especially for comparatively long-range communication and outdoor V2X communication.
To overcome the limitations of PDs as receivers in LED/PD-based VLC systems, several works on IS-based optical signal reception have already been reported [90] - [107] . In [105] , CMOS technology was used to develop an OWC system equipped with an optical communication image sensor (OCI), and the design and fabrication of the OCI, as well as the development of an IS-based OWC system with a 20 Mbs/pixel data rate without LED detection and a 15 Mbs/pixel data rate with a 16.6 ms real-time LED detection, were described. In [34] , speeds of 45 Mbps without bit errors and 55 Mbps with a bit error rate of 10 −5 were demonstrated using an OCC system.
An optical IS or camera composed of a PD array is used as a receiver in OCC. By using an image lens in front of IS, light from various sources with different directions within the field of view (FOV) of the camera is projected onto various positions on an IS and is sampled by different pixels [21] . A camera can be modeled as a two-dimensional PD array, which usually contains more than 10 million pixels and each pixel measures 1-10 μm in size [108] , [109] . Therefore, a camera has a very high spatial resolution, which means that light coming from slightly different directions can be projected onto various positions on a sensor by using a lens and be sampled by different pixels. This feature enables it to separate lights from different sources and different directions, which is ideal for spatial-division multiplexing and imaging MIMO systems in VLC [21] . Fig. 8 shows the basic principle of an OCC system. As shown in the figure, the data transmitted from two different LED transmitters (vehicle rear LED array and traffic light) can be captured easily and distinguished simultaneously by using IS. Background noise sources (e.g., sunlight, ambient light, and digital signage) can be discarded by separating the pixels associated with such noise sources. In this manner, IS can provide secure, interference-free, and reliable communications even in outdoor conditions. Fig. 9 show a few application scenarios of OCC systems. OCC system can be used for many indoor and outdoor applications. Viewers can receive information from digital signage by using their smartphone cameras. Data monitored by wearable skin patches can be collected by using any camera. Very precise cm-level indoor and outdoor localization can be performed using OCC technology. OCC is very promising for vehicle-to-vehicle, vehicle-to-infrastructure, and infrastructure-to-vehicle communications. Mobile users can share their data though OCC technology. OCC can be used to perform motion detection and recognition. User can send control signals by using body motion, and an OCC system can be used to detect such signals. A few important advantages and limitations of OCC systems are listed below:
Main advantages of OCC:
 
Main limitations of OCC:
 Blocking of optical link: An optical channel is LOS, and therefore, its communication links will be blocked by any object that prevents light penetration, such as walls, buildings, thick fog, and thick gas [105] .  Low-data-rate: Currently, OCC cannot support high-data-rate communication owing to the low frame rates of conventional cameras. The frame rate of commonly used ISs is 30 fps, which is not adequate for achieving high-data-rate communication. The data rate in terms of bps/pixel must be limited to half of the rate fps or less to satisfy the Nyquist frequency requirement. Therefore, to attain higher data rates, high-speed cameras or newly developed ISs should be used in the receiver systems [105] .  Light flickering: Owing to the typical low frame rates of commercial cameras, if a signal is transmitted at a low frequency by using VL sources, the human eye will detect light flickering, which is not acceptable for light illumination [107] .
OCC has a wide range of applications. A few important applications are listed below:  V2X communication: Cameras are being used in vehicles.
Through combining VL/NIR-based OWC technology and these cameras, OCC systems that provide the functionalities of monitoring and data communications simultaneously can be developed. Therefore, OCC technology is very attractive for autonomous vehicle.  Indoor positioning: One of the potential applications of OCC systems is high-accuracy indoor positioning. If each LED used in an indoor environment is given a unique identification (ID) code, a smart device with a built-in camera can be used to effectively locate devices, people, and objects within a room [21] .
 Digital signage: Nowadays digital signage or display has become the most popular medium among businesses for broadcasting advertisements or messages and offering coupons to customers. Viewers can use their smartphones to receive information from digital signage. This will provide real-time screen to camera communication behind any scene.  Drone-to-drone communication: In the next generation, the world will be monitored using drones. Therefore, communication among drones is necessary to avoid drone-to-drone collisions. OCC can be a future candidate for drone-to-drone communication.  Augmented/virtual reality: Virtual or augmented realization is an upcoming technology. OCC can support these augmented and virtual reality services and provide an improved approach by adapting certain machine-learning approaches (e.g., artificial neural networks and convolution neural networks).
D. Free Space Optical Communication (FSOC)
FSOC [37] - [39] , [110] - [125] , a subset of OWC, is normally operated using the NIR spectrum as the communication medium. It can be also operated by using the VL and the UV spectra. However, when using IR, the attenuation levels are lower. Illumination is not required in FSO. FSO often uses LDs rather than LEDs for the transmission. Narrow beams of focused light from an LD transmitter are used to establish high-data-rate communication links between a transmitter and a receiver. FSO systems are used for high-data-rate communication between two fixed points over distances ranging from a few nm to several thousand kilometers [37] . FSO systems use laser technology for signal transmission. Fig. 10 shows the basic block diagram of an FSO system. Because of optical beamforming, long-distance communication is possible using FSO systems. The source information data input is to be transmitted to a long destination. Initially, the source information is encoded. Optionally, channel coding can be used before modulation. The modulator performs an OOK/PM/OFDM modulation process. If required, an optical amplifier can be used to increase the power intensity of the modulated laser beam. Then, the light beam is collected and refocused by means of beam forming optics before being transmitted [37] . The typical optical source in FSO systems is an LD [52] . A few manufacturers also use high-power LEDs with beam collimators. The optical source used in FSO systems should deliver a comparatively high optical power over a wide temperature range. The important features of the optical transmitter in FSO systems are size, power, and beam quality, which determine the laser intensity and minimum divergence obtainable from the system [37] . The receiver front-end comprises optical filters with a lens to collect and focus the received beam onto the PD. The PD output current is next converted to voltage. The low-pass filter is used to limit the thermal and background noise levels. Finally, the demodulator performs the necessary demodulation process to obtain the original sending data.
The frequency used for FSOC is higher than 300 GHz, which is totally unregulated worldwide. In comparison to RF-based communication, FSO links have very high available bandwidth, thus providing considerably higher data rates. Transmission rates of 10 Gbps have already been implemented for long-distance communication [125] . A 40-Gbps FSO link was implemented in [38] over a communication distance of 20 m. The data rates of recent FSOC systems are comparable to those achieved using fiber optics [125] - [129] . FSOC systems can be deployed easily. Therefore, they have a wide range of applications [37] , [38] , [120] , [130] - [133] , including systems such as backhaul for cellular networks, disaster recovery, high-definition TV, medical image/video transmission, campus connectivity, video surveillance and monitoring, security, and broadcasting. Other applications of FSOC systems include inter-chip connectivity, MAN-to-MAN connectivity, LAN-to-LAN connectivity, ship-to-ship connectivity, underwater communication, airplane-airplane/ground/satellite connectivity, satellite-satellite/earth/airplane connectivity, and fiber back-up. Fig. 11 shows a few application scenarios of FSO systems. In this figure, nm-range optical interconnection, car-to-car connectivity, links among different buildings, cellular backhaul connectivity, underwater communication, ship-to-ship or ship-to-infrastructure connectivity, satellite-to-satellite/earth/airplane connectivity, and airplaneto-airplane/earth connectivity using FSOC are shown. As can be seen, FSOC can cover a very wide range of wireless connectivity types. Despite the many advantages of FSOC across a wide range of applications, it suffers from link reliability, especially in long-range communications, owing to its high sensitivity to several factors. These include weather conditions (e.g., fog, rain, haze, smoke, sandstorms, clouds, snow, and scintillation can increase attenuation), atmospheric turbulence (causing fluctuations in the density of air, leading to a change in the air refractive index), and physical obstructions (e.g., flying birds, trees, and tall buildings can temporarily block the signal beam) [40] . Table V shows some important differences between FSOC and microwave links.
E. Light Detection and Ranging (LiDAR)
LiDAR is an attractive optical remote sensing technology that finds the range of and/or other information about a distant target [42] , [43] , [135] - [141] . LiDAR uses normally NIR and VL to image objects. It can target a wide range of materials including rain, dust, non-metallic objects, chemical compounds, aerosols, clouds, and even individual molecules [135] . A narrow laser beam can map physical features with very high resolution, for example, a laser mounted on an aircraft can be used to map terrain at a resolution of 30 cm or better [136] . Laser beams are used to measure the properties of scattered light and create points for 3D mapping. The four main components of a LiDAR system are laser, photodetector and receiver electronics, scanner and optics, and position and navigation sub-systems. The purposes of LiDAR are similar to those of radio detection and ranging (RADAR). Both LiDAR and RADAR use similar technologies and concepts to track the position and the movements of objects. There are differences in how each technology works and the types of applications for which each can be best used. Both technologies use energy reflected from target objects to determine various aspects of those objects. However, the type of energy used by LiDAR is optical light, whereas RADAR uses microwaves. In both LiDAR and RADAR, energy is transmitted from a transmitter as a signal. When the transmitted signal hits an object, the object reflects a part of the energy of the original signal. This reflected energy is then received by the receiver at the source location and is used to determine the distance, size, and other characteristics of the object. The types of objects that can be located precisely and measured using RADAR and LiDAR are also different in size and nature. Table VI shows the main differences between LiDAR and technologies.
Three platforms are used to collect LiDAR data: ground, airplane, and space. Fig. 12 shows an example of airborne LiDAR, which is most commonly used platform. The principle of airborne LiDAR data collection is divided into four steps. First, a side-by-side laser scan of the ground is performed. Second, the altitude and the x-y location of the airplane are obtained using GPS. Third, an inertial measurement unit is used to track the tilt of the plane in the sky as it flies for accurate calculation of alleviation. Finally, all data are accumulated and range-related information is then calculated [138] . shows the application of LiDAR data from ground, which is mostly used in autonomous vehicles. It calculates the distance between a car and an object and builds a 3D image of its environment. LiDAR data is combined with radar sensor information and processed by the onboard computing system, which then makes decisions about steering, breaking, and acceleration [139] . Fig. 13 (a) shows a real scenario from a vehicle, and Fig. 13 (b) shows a 3D map of objects constructed using LiDAR for the same scenario.
A few useful applications of LiDAR include meteorology, autonomous vehicles, transportation, architectural surveys, military, space exploration, robot vision, precision guidance, and vehicle anti-collision. The LiDAR used for localization and obstacle detection in [135] It creates a 3D point cloud model of the landscape during flight.  Autonomous vehicles: Autonomous vehicles use LiDAR for obstacle detection and avoidance to navigate securely through environments by using rotating laser beams.  Forestry: LiDAR has many important applications in forestry. Canopy heights, biomass measurements, and leaf area can be studied using airborne LiDAR systems.  Geology and soil science: High-resolution digital elevation maps created using LiDAR technology have led to significant developments in geomorphology.  Physics and astronomy: A worldwide network of observatories uses LiDARs to measure the distance to reflectors placed on the moon, allowing for measurement of the position of the moon with mm precision and tests of general relativity to be conducted.  Archaeology: In the field of archaeology, LiDAR has some important applications including supporting the planning of field campaigns, mapping features beneath forest canopy, and providing overviews of broad, continuous features that may be indistinguishable on the ground. In addition, LiDAR provides archaeologists the capability to make high-resolution digital elevation models of archaeological sites.  Military: High-resolution LiDAR systems gather sufficient information to identify targets such as tanks.
Military applications of LiDAR include the Airborne Laser Mine Detection System for counter-mine warfare.  Rock Mechanics: LiDAR has been used widely in the area of rock mechanics for rock mass characterization and slope change detection. A few important geomechanical  properties such as discontinuity orientation, discontinuity aperture, and discontinuity persistence of rock mass can be extracted from the 3D point clouds obtained using LiDAR [141] .  Robotics: LiDAR is used in robotics for observing the environment and for object classification [142] . LiDAR can provide 3D elevation maps of a territory with very high precision distance to the ground. This approach can help calculate safe landing velocities of robotic and manned vehicles with a high degree of accuracy. The main drawback of OCC is its low data rate due to the low frame rates of conventional cameras. FSOC can support high-data-rate and ultra-long-range communications, but its performance is affected by the environment. LiDAR is an excellent sensing technology for very-high-resolution 3D mapping. However, currently, this system is very expensive and its performance is affected by the environment. Therefore, the areas of application of each of the technologies should be different for the effective use of them. The maximum data rate of 100 Gbps is found in OWC whereas maximum 6 Gbps is found in RF-based communication. It is observed that the communication distance using RF-based technology is lower than that of OWC technology. The interference effect on OWC is also lower than that of RF-based communication. Moreover, the level of security in OWC is higher than RF-based communication. However, OWC systems suffer owing to their sensitivity to blocking by obstacles. Therefore, the coexistence of OWC and RF systems is an effective solution for future wireless commutations. [82] , [147] and capable of providing the advantages of both the technologies. Especially, optical wireless is a good candidate for sensitive applications in which mitigating interference with RF is a must. Hybrid network can play an important role for load balancing, link reliability improvement, wireless connectivity availability in remote places (e.g., deep-space, deep-ocean, and deep-ground situations), and interference reduction. Therefore, this issue attracted the researchers. Very important challenge of hybrid system is to adaptively and smoothly switch from one communication system to another.
IV. SUMMARY, OPEN ISSUES, AND FUTURE RESEARCH DIRECTIONS

A. Summary
High-data-rate optical backhaul: For 5G and beyond communications, a high capacity backhaul connectivity is very important issue [3] . The optical wireless network e.g., FSO or VLC can be a good complementary choice of the existing wired and wireless backhaul connectivity, and is a promising research issue.
NLOS UV communication:
A high-data-rate NLOS communication is achievable using UV communication that is a significant feature of UV band [23] . A methodical assessment and exploitation of this communication in terms of atmospheric conditions, geometrical configurations, and transmitter/receiver system requirements is still missing and should be the issue of future research.
Inter-cell interference:
The dense deployment of LEDs for VLC/LiFi small cell/attocell architecture faces a challenge of managing inter-cell optical interference [148] . Therefore, researchers are focusing on this issue.
Extending the optical spectrum: Extending the optical spectrum beyond the UV band can enjoy a lot of benefits from high power and low cost sources [15] . Thus, this is a challenging issue for future wireless communication.
Underwater wireless optical communication:
In recent years, underwater wireless optical communication attracted much attention as many applications are proposed for environmental monitoring, oil pipe investigation, and offshore investigation. Long-range and high-speed links are needed for many applications of underwater communication. An employing of 405 nm blue light LD is expected to be an important research issue for a long-range underwater communication. The design of appropriate modulation and coding techniques that can adapt the characteristics of underwater environments is also an important research direction [149] .
Seamless mobility: OWC systems are required to allow the user mobility. Currently, only LiFi provides seamless connectivity [31] . Therefore, the researchers are working to support horizontal handovers in OWC (e.g., between LiFi networks) [31] as well as vertical handovers [44] in hybrid network (e.g. between LiFi and WiFi networks). It is very important to have handover mechanism to maintain seamless communications, and such an issue is challenging and need to be properly studied.
Atmospheric loss: In OWC, the power allocation and overall system performance of a free space propagation link are strongly dependent on atmospheric loss which comprises scattering, refraction, clear air absorption, free space loss, and scintillation [40] . Hence, there is huge scope to work for the mitigation of the atmospheric loss in OWC systems.
MIMO optical wireless communications:
MIMO is already a well-established technique in RF-based communication systems. However, because of the properties of the IM/DD channel, it is challenging to apply MIMO in OWC.
The applicability of MIMO for different OWC technologies are under investigation by many researchers [21] , [80] , [105] , [110] . The MIMO system benefits from higher power efficiency, higher reliability, and higher capacity. However, additional device introduced by MIMO increases the complexity and also limits its applications (e.g., several compact sensors underwater communication). Moreover, the narrow beamwidth of LED receivers have limited angles of views, and thus small misalignment between a transmitter and a receiver can easily disrupt the communication. Therefore, MIMO system with considering accurate channel model for different OWC technologies is a potential research issue.
OWC in health application: Currently, various RF-based technologies are used in healthcare applications. Several medical devices are very sensitive to electromagnetic interference by RF [150] and can critically affect the performance of many medical devices. Moreover, RF radiation is not good for humans. LED-based OWC can offer an excellent solution for the raised complications due to the usage of RF-based wireless technologies in healthcare and should be aim of future research.
OWC in vehicular communication:
A standard IEEE 802.11p which is also known as Wireless Access in Vehicular Environments (WAVE), uses unlicensed RF band [151] . OWC system can be also applied for traffic management [152] . Hence, vehicular communication based on OWC technologies can be a good research issue.
OWC for positioning:
The RF-based indoor positioning systems are less accurate mostly due to multipath induced fading and signal penetration. The positioning using LEDs have attracted much attention due to the high accuracy, license-free operation, no electromagnetic interference, and low cost frontends, etc. [101] . Outdoor positioning using optical wireless technology can also be one potential future research issue.
OWC in drone application: Drone is thinking as the next possible solution within transportation [153] . Its large scale deployment will arise several issues e.g., precise localization and reliable communication among drones. OWC can be a good complementary approach to solve these issues due to the limitations of RF-based technologies.
Data rate improvement of OCC system: Currently, the achieved data rate of OCC system is not high (55 Mbps until now [34] ). This data rate should be increased to fulfill the upcoming demands of high-data-rate services.
OCC based on red, green, and blue (RGB) LEDs: OCC using RGB LEDs and color cameras (or IS) is a promising approach for effective parallel visible light communications [50] , [84] , [145] . Many researchers are working on RGB LEDs for developing efficient communication technology.
Dimming control:
The algorithms for dimming [79] should be designed for the effective deployment of OWC systems.
Flickering avoidance: Flickering is the fluctuations in the brightness of a light that can be noticed by humans. It is a harmful effect on human health [79] . In OWC systems, the modulation of the LEDs should be done in a way that the flickering is avoided. Therefore, this is an important research issue for the deployment of OWC systems.
V. CONCLUSIONS
The current RF system cannot fulfill the exponential growth in demand of wireless capacity for 5G and beyond communications. The extremely wide optical band that includes infrared, visible, and ultraviolet sub-bands, can be used for wireless connectivity to support 5G and IoT. The use of optical bands complementarily to RF will relieve the problems caused by spectrum shortage in RF-based wireless communication. Researchers are trying to adapt many applications that are currently based on RF communication to OWC. Optical wireless technologies will play very important roles in industry, healthcare, public gathering places, stadiums, transportation, residences, offices, shopping mall, underwater communication, space. In this survey paper, we have presented a general overview of emerging OWC technologies. We categorized OWC systems from different viewpoints. The main optical wireless technologies discussed in this paper include VLC, LiFi, OCC, FSOC, and LiDAR. These can be used for ultra-short distance to ultra-long distance communication. Each of these technologies has unique advantages and limitations. Therefore, the areas of application of each of the technologies are different. Accordingly, we have presented clear differences in the basic principles, architectures, and application scenarios considering all of the mentioned optical wireless technologies. In addition, we have explained the challenges associated with each of the technologies. Indeed, optical wireless technologies are promising for securing a better life in the future. We hope that this comparative survey will serve as a valuable resource for understanding the research contributions in the emerging optical wireless technologies and hopefully prompt further efforts for the successful deployment of OWC systems as a prominent complementary to RF-based technologies in the future 5G and beyond heterogeneous wireless networks.
